responsibility in their pursuit of profits. However, recycling rates for fiber products have not been rising, largely because of consumer resistance to the use of recycled products and the cost of recycling.
People have used wool, cotton, and other natural fibers throughout recorded history. The development of chemical fibers began in 1884, and today they account for 60％ of the total volume of fiber use. Most of the chemical fibers are petroleum-based polymers, and its effective utilization is highly desirable.
Activated carbon, which is produced from materials such as palm shell, petroleum pitch, and coal, is widely used for the adsorption of organic compounds and harmful substances [4] [5] [6] [7] . Fibrous activated carbon is characterized by a higher specific surface area, adsorption rate, and adsorption efficiency than granular activated carbon 8, 9) , but its production process is also more complex and expensive. In recent years, a trend has emerged for the production of low-cost, useful carbonaceous materials from biomasses such as apricot shells 10) , rubber wood sawdust 11, 12) , bamboo 13) , jute fiber 14) , and other agricultural by-products. An investigation has also been carried out on the production of activated carbon from cotton yarn using 4％ calcium phosphate as an activator, and its ability to adsorb p-nitroaniline 15, 16) has also been investigated. The various methods of activated charcoal production that have been reported generally include not only carbonization but also activation by processing with steam or chemical substances. In the present study, we produced carbonaceous materials from various waste fibers by carbonization without activation. A method for carbonaceous material production without activation has important advantages, including low energy consumption and low environmental burden.
The present study focused on the conversion of waste fibers to carbonaceous materials. Carbonaceous materials were produced from waste fibers, and their specific surface area, pore volume, surface chemical properties, and efficiency in reduction of carbon dioxide emissions were investigated.
EXPERIMENTAL

Production of carbonaceous materials
The carbonaceous materials were produced essentially as follows. Wool, PE, or cotton was placed in a magnetic furnace under a nitrogen gas flow of 1 L/min, and the temperature was increased over 3 h to an end temperature between 400 and 1000℃. The maximum temperature was held for 0-2 h, and then, the materials were naturally cooled. The carbonized wool and PE were then pulverized and used as an adsorbent, and the cotton was used without further processing because of its fibrous form. The resulting carbonaceous materials and the original fibers were observed on a JSM-5200 scanning electron microscope (JEOL, Ltd., Tokyo, Japan) .
The carbonaceous material yields Y (％) were calculated using Eq. (1) ,
where M and M 0 are the dry weights (g) of the carbonaceous material and the original fiber, respectively. The carbon, hydrogen, and nitrogen contents of the fibers and the carbonaceous materials were measured on a Micro Corder JM-10 (J-Science Co., Ltd., Kyoto, Japan) by the Pregl-Dumas method.
Physical properties of carbonaceous materials
The specific surface area was obtained by first determining the adsorption isotherm at liquid nitrogen temperature (-195.8℃) with high-purity nitrogen gas (99.999％) as the adsorption gas on a Nova4200e (Quantachrome, FL, USA) . Next, curve fitting to the nitrogen adsorption isotherm at a relative pressure of 0.05-0.30 was carried out using the Brunauer-Emmett-Teller (BET) equation 17) . Pore size distribution and pore volume were similarly obtained. First, the adsorption isotherm at a relative pres-sure of 0.025-0.99 and the desorption isotherm at a relative pressure of 0.1-0.99 were determined at the temperature of liquid nitrogen. Then, the values were calculated by the Dollimore-Heal method 18) . The pores were considered to be cylindrical, and the average pore diameter (D) was calculated using Eq. (2) from the specific surface area (S) and the pore volume (P) 19) .
Chemical properties of carbonaceous materials
Base consumption was determined using the method of Boehm et al. 20, 21) . A 0.1-g sample of the carbonaceous material was weighed and placed in a vial, to which 20 mL of 0.05 mol/L sodium hydroxide solution (Wako Pure Chemical Industries, Osaka, Japan) was added; this was followed by shaking the vial at 100 rpm and 25℃ for 24 h. The solution was then filtered using 0.45-μm glass fiber filter paper (Advantec, Tokyo, Japan) . The filtrate was titrated with 0.01 mol/L hydrochloric acid solution (Wako Pure Chemical Industries, Osaka, Japan) , using methyl red as the indicator, and the base consumption was calculated using Eq. (3) .
where B is the base consumption (mmol/g) , a is the volume of the sodium hydroxide solution (mL) , b is the volume of the hydrochloric acid solution (mL) , and W is the carbonaceous material weight (g) . Base consumption is an indicator of the number of carboxyl, phenolic hydroxyl, and other acidic groups and the quantity of acidic substances present on the surface of the carbonized fibers. The pH was measured using the Japan Industrial Standard JIS K1474 test method for activated carbon 22) . To 50 mL of purified water, 0.5 g of adsorbent was added; then, the solution was boiled for 5 min and filtered using 0.45-μm glass fiber filter paper; finally, the filtrate pH was measured on a digital pH meter (Mettler-Toledo, OH, USA) .
RESULTS AND DISCUSSION
Surface shape of carbonaceous materials
The SEM micrographs in Figs. 1-3 showed that the original wool and PE fibers lost their fibrous form and underwent pore formation with an increase in carbonization temperature. PE, which is produced by the condensation polymerization of dicarboxylic acid and a diol and has a melting point of approximately 240℃, appeared to enter a molten state at 400℃. As a result, the fibers formed an increasing number of small pores with further increase in the carbonization temperature. Cotton, on the other hand, retained its fibrous form and SEM images showed no discernable change with increasing carbonization temperatures. Since cotton is derived from plants, its main component is cellulose. Cotton may retain its fibrous form after carbonization, whereas wool and PE might melt by carbonization. Moreover, the cotton before carbonization had microfibril structure, that structure may be come loose by carbonization. As fibrous activated carbon has been reported to exhibit higher adsorption rates than the particle form 23 , it may be possible to use carbonized cotton as carbonaceous material for various applications.
3.2 Specific surface area and pore size distribution of carbonaceous materials The specific surface areas and pore volumes of the carbonaceous materials obtained under carbonization with different temperature increases and retention times at 1000 are listed in Table 1 . These experiments were performed to determine the production conditions that would yield carbonaceous materials most appropriate for use as adsorbents. Activated carbon may generally be classified by pore diameter, as microporous 5 < r ≤ 20 Å , mesoporous 20 < r ≤ 500 Å , and macroporous 500 Å < r . The specific surface area generally increases with increasing micropore formation 19 ; this tendency was observed in the carbonaceous materials. Shimakami et al. 24 reported that the specific surface area and the pore volume of cotton increased with increasing carbonization temperature. The specific surface area of cotton produced at 600, 800, and 1000 was 496, 703, and 2192 m 2 /g, respectively 24 . The pore volumes at those temperatures were 0.196, 0.270, and 1.082 mL/g, respectively 24 . The pore volume of the carbonaceous materials produced from PE and cotton increased with increasing retention time. For all of the fibers, it was found that exposure to increased temperature for 2 h was suitable and that subsequent retention was necessary, indicating that the carbonaceous carbon activation and pore development proceeded under the high-temperature retention. No single set of production conditions was found for all of the fibers in terms of maximum values for specific surface area and micropore formation, thus indicating a need to use different conditions for different fibers. As production conditions for carbonaceous materials generally include a 2 h temperature increase that was followed by retention at this high temperature and because the carbonaceous materials obtained from most of the fibers under these conditions showed high specific surface area and micropore values, they were applied in the following experiments. The specific surface areas and pore volumes obtained at various carbonization temperatures are listed in Table 2 . The specific surface area was found to increase with increasing carbonization temperature for all of the fibers throughout the temperature range of 400-900℃. The pore volume and pore diameter distribution curves indicate that increasing the carbonization temperature effectively increases micropore development and specific surface area. At 1000℃, however, the results were different for different tested fibers. The specific surface area of PE and cotton carbonized at 1000℃ was higher than that at 900℃, but that of wool at 1000℃ was lower than that at 900℃. In short, the results indicate that small-pore development and specific surface area increase with increasing carbonization temperature throughout the range of 400-1000℃ for both PE and cotton, but only up to 900℃ for wool, in which baking densification apparently causes pore enlargement in the range of 900-1000℃.
In summary, in all of the tested fibers, it was possible to produce carbonaceous materials in which micropore development increased with increasing carbonization temperature at up to either 900 or 1000℃. In particular, cotton carbonized at 1000℃ showed a specific surface density greater than 1000 m 2 /g, which equals commercial activated carbon. Micropore and mesopore development, which relate to adsorption volume and adsorption rate, respectively, indicate an excellent potential for commercial application.
Yield, base consumption, and pH of carbonaceous materials
Measurements results for the fibers before and after carbonization at 400-1000℃, in terms of carbonaceous material yield, base consumption, and pH, are listed in Table 3 . It can be seen that the yield generally decreased with increasing temperature, presumably because of an increasing extent of carbonization.
Base consumption is an indicator of the number of functional groups and the quantity of acidic substances present on the surface of the carbonized fibers. This indicator for wool and cotton decreased with increasing carbonization temperature but that for PE increased. Wool fiber structurally consists of a surface cuticle layer and an inner "paracortex" that is high in basic amino acid content. The dec r e a s e i n t h e b a s e c o n s u m p t i o n o f w o o l u n d e r carbonization may be attributed to the disruption of the cuticle surface structure and subsequent emergence of the basic functional groups to the surface of the fiber. In cotton fibers, the decrease in base consumption may be attributed to a loss of functional groups at its cellulosic surface layer under carbonization. In cotton, moreover, a microstructure may develop in the structural spaces termed "lumen" that are normally present within the fiber 25) during carbonization. Moreover, the base consumption of cotton carbonized at 400℃ was the largest. This result indicated that the cotton before carbonization had microfibril structure, that structure may be come loose after carbonization at 400℃. In contrast, in PE, the increase in base consumption with carbonization temperature may be attributed to the disruption of its constituent ester bonds and consequential increase in acidic functional groups. In pH measurements, both wool and PE were weakly acidic or had neutral pH values and demonstrated a tendency to shift toward increasing acidity with increasing carbonization temperature. Cotton, in contrast, exhibited a shift toward increasing alkalinity with increasing carboniza-tion temperature.
Reduction effect on carbon dioxide by conversion
from waste ber to carbonaceous materials The carbon, hydrogen, and nitrogen contents of the carbonized fibers, as determined by elemental analysis, are listed in Table 4 . The high carbon content of the carbonaceous materials as compared to that of the non-carbonized fibers indicates that the carbonization effectively converted the fibers to adsorbent materials of high carbon content. Carbonized wool was substantially higher in nitrogen content than the other two carbonized fibers, which was presumably an effect of the protein-rich keratin composition of non-carbonized wool fiber. As a fossil-fuel derivative, PE in the non-carbonized state has a substantially higher carbon content than non-carbonized wool and cotton, but after carbonization, its carbon content of 85.2％ was nearly the same as that of carbonized wool (86.6％) and carbonized cotton (86.8％) . Thus, the overall results indicate that the maximum carbon content of the carbonized fibers is in the vicinity of 85％.
The reduction in carbon dioxide emission, which may result from carbonization of these fibers, was calculated on the basis of their measured carbon contents. Disposal of 1 ton of wool by complete incineration generates 1716 kg of carbon dioxide, as calculated by carbon conversion. Car- 
CONCLUSION
Pore formation was found to occur in carbonization of waste fibers, with a 2-h temperature increase and subsequent retention of temperature for 2 h in experimental carbonization of three fibers at temperatures of 400-1000℃. Investigations of the physical and chemical properties of these fibers were also conducted. Carbonization temperatures of 900-1000℃ were found to result in maximum micropore development and specific surface area in carbonaceous materials produced from cotton and PE but not in the carbonaceous materials produced from wool. Maximum specific surface areas were observed for PE and cotton carbonized at 1000℃ and for wool carbonized at 900℃. Carbonization of PE and cotton at 1000℃ resulted in a specific surface area of more than 1000 m 2 /g for both. The yields of carbonaceous materials generally decreased with increasing carbonization temperature. The acidic functional group numbers in wool and cotton decreased with increasing carbonization temperature, but those in PE increased. The fibrous form of wool and PE was lost under carbonization, but that of cotton was retained. For cotton in particular, it was possible to produce carbonaceous material of fibrous form by carbonization. 
